Epithermal gold mineralisation is found in a wide compositional range of host lithologies, but despite the diversity the alteration mineral assemblages are often similar between deposits. Notable exceptions are those gold deposits hosted in alkaline host rocks. Alkaline-hosted epithermal deposits are rare, but important, as they include some of the world's largest known epithermal deposits by contained metal (e.g. Ladolam, Cripple Creek, Porgera). As well as the exceptional gold contents, the alkaline-hosted systems tend to exhibit different alteration mineral assemblages, with less quartz and widespread silicification than sub-alkaline-hosted equivalents, and greater enrichments in tellurium, and a scarcity of acid alteration (advanced argillic) types. In this study, geochemical modelling is used to demonstrate that 300°C hydrothermal fluids in equilibrium with alkali, silica-undersaturated host rocks at low water/rock ratios reach significantly higher pH than equivalents in sub-alkaline lithologies. A maximum, nearneutral pH (5.5-6) is buffered by reactions involving quartz in silica-saturated alkaline and calcalkaline lithologies. In silica-undersaturated, alkaline host rocks, quartz is exhausted by progressive water-rock interaction, and pH increases to 7 and above. Both tellurium and gold solubility are favoured by high fluid pH, and thus there is a clear mechanism within these hydrothermal systems that can lead to effective transport and concentration to produce gold telluride ore deposits in alkaline igneous hosts. This modelling demonstrates that alkaline rocks can still be altered to advanced argillic assemblages; the paucity of this alteration type in alkaline hosts instead points to NaCl ) HCl in magmatic volatile phases at the initiation of hydrothermal alteration.
Introduction
Epithermal Au (Ag) deposits form in shallow hydrothermal and magmatic-hydrothermal systems. A number of studies (Richards, 1995; Jensen and Barton, 2000; Müller, 2002; Sillitoe, 2002) have recognised that epithermal deposits developed in alkaline host rocks tend to have anomalous features relative to calc-alkaline hosted systems -they are commonly gold-and telluride-rich, have less hydrothermal quartz, and limited development of acidic (sericitic and advanced argillic) alteration styles (Jensen and Barton, 2000) . Of particular note is the recognition that the alkalineassociated deposits tend to be well endowed with gold -indeed, the world's largest epithermal Au deposit is hosted in alkaline rocks (Ladolam, Lihir Island, Papua New Guinea; Simmons and Brown, 2006) . The alkaline-hosted epithermal deposits are enriched in a range of ''critical" elements in addition to Te, including platinum group elements (PGE), F, W, and V (Kelley and Spry, 2016) . The successful exploration and exploitation of these deposits depends on a robust model of their alteration zonation and geochemistry (i.e. pathfinder enrichments and anomalies).
Epithermal Au deposits are most commonly hosted in subalkaline basaltic to rhyolitic rocks (Fig. 1; du Bray, 2017 ). An important study by Reed (1997) modelled water-rock reaction in such a range of host rocks, and showed that the alteration assemblages and water chemistry progressed through a repeatable set of compositions (for a given temperature and starting fluid) with minimal variation between the different hosts. Epithermal deposits are consequently considered in terms of the starting fluid chemistry and degree of equilibration with the host, with much less emphasis placed on the composition of the host. Economic geology literature separates epithermal Au deposits into: ''high sulphidation", ''acid sulphate" or ''quartz-alunite" type, dominated by intensely leached ''advanced argillic" alteration, with magmatic-derived Cl -and SO 4 2--rich acidic fluids driving this alteration; and ''low sulphidation", '' adularia-sericite" or ''quartz-alunite" type, with alkali-bearing alteration assemblages, produced by rock-buffered, near-neutral chloride fluids. considered a sub-class of the low sulphidation deposits (Richards, 1995; Jensen and Barton, 2000; Kelley and Spry, 2016) , given the similarity in alteration assemblages; however, the notable differences listed in the previous paragraph mark them out as distinct.
In this study, we explore the consequences of host rock composition on deposit mineralogy and fluid chemistry. Considering the host rock as the only variable represents a gross simplification of the complexity within the range of epithermal deposits and their formative hydrothermal systems. However, we will demonstrate that in the alkaline-hosted systems, the host composition alone can account for a number of the distinctive features of the final deposits.
Host rock composition and alteration assemblages
Reed (1997) modelled the progressive water-rock reaction at 300°C between initially acidic, condensed magmatic vapour with basalt, andesite and dacite, representing the common range of host compositions for epithermal Au deposits (du Bray, 2017) . Titration of the rock into the initial fluid results in a progressive increase in the fluid pH (Fig. 2a) , and precipitation of minerals (Fig. 2b) . pH increase is often in a flat-step morphology as it is buffered by the alteration mineral assemblage (Reed, 1997) . The mineral assemblages (Fig. 2c) progress from advanced argillic (quartz + alunite + pyrophyllite) through sericite-chlorite (quartz + muscovite/sericite + paragonite + chlorite) to propylitic (quartz + epidoite + chlorite + alkali feldspar). This progressive change in mineralogy mirrors the zonation of alteration from the core to periphery of a high sulphidation type system. The progressive titration can be considered in terms of decreasing water-rock ratio (w/r). High sulphidation deposits exhibit alteration assemblages consistent with volcanic gas-rich, high w/r conditions (i.e. fluid-buffered), whereas low sulphidation deposits exhibit alteration assemblages consistent with low w/r values (i.e. rock buffered).
The modelling does not imply that all epithermal deposits were produced from neutralisation of an initially acidic fluid. Hydrothermal fluids may be derived from relatively well-equilibrated (i.e. apparently low w/r) waters that shift to progressively high w/r in zones of focussed flow. On figures with an x-axis of w/r, progress can be read from right-to-left as well as left-to-right.
Methods
The progressive water-rock reaction between an 1 kg of initially acidic, condensed magmatic vapour and a series of different rock compositions was modelled with CHILLER (Reed, 1982 (Reed, , 1998 , and follows the design of the water-rock reactions of Reed (1997) . The thermodynamic data used in the numerical experiments are from the database SOLTHERM.H08 (Reed and Palandri, 2013) . Data and calculations within SOLTHERM include: equilibrium constants calculated with SUPCRT92 (Johnson et al., 1992) ; mineral thermodynamic data for silicates, oxides, hydroxides, carbonates, gases (Holland and Powell, 1998) and sulphides (Shock, 2007) . Mineral solid solutions are represented by end-member compositions that are mixed using an ideal multisite mixing scheme.
Rock compositions used in the modelling represent a subalkaline andesitic control, and a number of alkaline compositions associated with world-class Au deposits, summarised in Table 1 . The analyses used were those representing least-altered igneous compositions that most closely resemble the pre-hydrothermal lithogeochemistry; we have not modelled complex spatial heterogeneity or the full range of compositions reported from each deposit area, as the purpose of these models is to show firstorder effects of host rock composition, not produce detailed reconstructions of the alteration zonation of each system. All starting rock compositions are derived from whole rock geochemical data, and have been recalculated to a 100% basis without TiO 2 or P 2 O 5 (excluded as minor phases with little to no effect on hydrothermal mineral assemblages). Original total Fe (as Fe 2 O 3 ) has been recalculated to FeO and Fe 2 O 3 using the method of Müller et al. (2001) . Silica saturation index is calculated on the basis of CIPW-normative mineralogical composition, using the equation Bray (2014 Bray ( , 2017 . Black boxes show the alkaline host rock compositions used for models in this study (Table 1) . Black curve represents the alkaline/sub-alkaline boundary of Irvine and Baragar (1971) . 1.E-09
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Silica-saturated, hypersthene-and quartz-normative compositions have positive SSI values. Silica-undersaturated, nephelinenormative compositions have negative SSI values.
The andesite is representative of calc-alkaline, silica saturated compositions, and is derived from and discussed in detail in Reed (1997) . The Luise ''Phonolite" (a trachyandesite using the Le Maitre et al., 1989 TAS plot; Fig. 1 ) and Trachyandesite are from the vicinity of the Ladolam epithermal Au deposit, Lihir Island, Papua New Guinea (Müller et al., 2001 ). The Porgera Mugearite and Feldspar Porphyry represent unaltered host rock compositions (Richards, 1990 ) from the Porgera Au deposit (Papua New Guinea). The Cripple Creek Phonolite is part of the host suite to the Cripple Creek epithermal Au deposit, Colorado (Kelley et al., 1998) . The Savo trachyte (Smith et al., 2009 ) represents a typical host rock of the active hydrothermal system (Smith et al., 2010) , on Savo island, Solomon Islands. With the exception of the Andesite, all compositions are alkaline using the total alkali versus silica definition of Irvine and Baragar (1971) . The Savo sample is not associated with known epithermal Au mineralisation; this composition was selected on the grounds that it represents an evolved (SiO 2 -rich) silica-saturated, alkaline composition.
The initial fluid composition is based on a condensate from Augustine volcano (Symonds et al., 1990 ) mixed 1:10 with pure water (Reed, 1997;  ) for the models. At low w/r the chemistry of the fluid is largely controlled by host rock composition so initial starting fluid has relatively little influence on late mineral assemblages and fluid compositions.
All model runs were carried out at 300°C and at the pressure vapour-liquid saturation in water. The chosen temperature reflects the upper conditions typical of low sulphidation epithermal mineralisation (Simmons et al., 2005) , but appropriate for initial conditions of fluids in high sulphidation systems, and for alkaline-hosted low sulphidation systems presuming a significant magmatic fluid input.
Specified compositions of rocks are titrated into the fluid; progressive titrations are recorded by decreasing w/r. The model is closed and precipitating minerals are retained for possible backreactions. Titration increment sizes were reduced for intervals of complexity (multiple minerals saturating or under-saturating) to avoid the iterative calculations failing. A low log (w/r) value of À1.0 was selected as the end point for the modelled titrations (modelled as 10,000 g rock incrementally added to 1000 g initial fluid). At log (w/r) less than À1.0, significant water is consumed by the formation of hydrous silicate minerals and ''dry up" of the system occurs (Reed, 1997) .
Results
All modelled titrations start from a common fluid composition with pH 0.83. Progressive addition of rock to the fluid (i.e. decreasing w/r) causes an increase in pH with a flat-step morphology (Fig. 3) . Silica-saturated compositions (Average Andesite and Savo trachyte) have relatively little change of pH with increasing addition of rock beyond values of log w/r = 0.5. There are minor steps between 0.5 and À1.0 but pH remains in the near-neutral range (Reed, 1997) (Smith et al., 2009) (Richards, 1990 ) ( Richards, 1990 ) (Müller et al., 2001 ) (Müller et al., 2001 ) (Kelley et al., 1998 (Müller et al., 2001) . Hy = normative hypersthene; q = normative quartz; ne = normative nepheline; di = normative diposide; SSI = silica saturation index, calculated with Eq. (1). Composition is that of Reed (1997) , derived from fumarole condensate from Augustine volcano (Symonds et al., 1990) in 10 parts pure water.
at values 5.8 ± 0.3, consistent with previous modelling of calc-alkaline compositions (Reed, 1997) . Silica-undersaturated compositions show significant steps to higher pH at log w/r < 0.5.
Compositions with lower values of SSI (Fig. 4) result in an earlier step to higher pH, and higher pH by the end of the model run. The highest pH is reached by the Cripple Creek titration, which finishes at pH 8.2.
Steps in the pH with decreasing w/r correlate with changes in the fluid composition (Fig. 2a, Fig. 5a ) and mineral assemblage (Fig. 2b, Fig. 5b) . The different models step through a series of mineral assemblages. Models vary in terms of the order of appearance of mineral (e.g. alunite before pyrophyllite and muscovite before chlorite in more K-rich host rocks), but there are some consistent assemblages that develop in each of the host rocks. High log w/r (>1), low pH (<3) conditions are dominated by quartz + alunite + pyrophyllite + anhydrite (advanced argillic alteration assemblage; Fig. 2c, Fig. 5c ). As w/r decreases, subsequent mineral assemblages include quartz + chlorite + muscovite + paragonite (sericitic alteration assemblage; Fig. 2c, Fig. 5c ), to quartz + epidote + alkali feldspar (propylitic alteration assemblage; Fig. 2c ). In silica-undersaturated host rocks, mineral assemblages at low w/r lack quartz, and the predominant assemblage is alkali feldspar + chlorite + carbonate ± epidote ± analcime (e.g. Fig. 5c ). Quartz-poor propylitic assemblages are reported as early-stage alteration at both Porgera (Richards and Kerrich, 1993) and Ladolam (Carman, 2003) ; acmite and analcime are reported in phonolite intrusion-related alteration at Cripple Creek (Jensen and Barton, 2008) .
Discussion

Water-rock reaction and pH buffering
An initially acidic fluid is neutralised by progressive reaction with a silicate host rock by removal of acid anion species (e.g. SO 4
2À removed by anhydrite precipitation) or by the exchange of aqueous H + with cations in the host rock. At very low fluid pH (high w/r in the models herein) there is near-congruent dissolution of the host rocks. With continued titration of rock into the modelled system, pH increases with a flat-step morphology Fig. 3 ). In the flat sections, pH is held constant by the presence of certain mineralogical buffers, and increases when cation species that balance H + are exhausted by the precipitation of secondary minerals, or when buffering minerals are dissolved out (Reed, 1997) . In silicasaturated host rocks (e.g. Fig. 2 ), the maximum pH is reached in the propylitic alteration assemblage, where pH is buffered by albite, K-feldspar, quartz and muscovite (Reed, 1997) : These assemblages buffer the pH to $5.6 at 300°C, and are stable due to the abundance of each of the mineralogical phases, and the high concentrations of Na + in the aqueous phase. In a typical andesite, none of these phases is exhausted such that the buffer collapses, hence the propylitic pH persists to the ''dry up" point, at which the water in the system would be exhausted by incorporation into hydrous silicate minerals (Reed, 1997) . However, in silica-undersaturated compositions, there is insufficient SiO 2 in the titrated rock to maintain saturation of quartz and the other silicate phases. Thus, quartz is consumed, the propylitic buffer breaks down, and pH rises (e.g. Fig. 5 In Ca-poor lithologies (e.g. Cripple Creek Phonolite) the buffer breaks down over a small w/r interval. The Cripple Creek Phonolite reaches a pH buffer of $8.1 at log (w/r) of À0.11 (Fig. 5) . The following equilibrium maintains the pH until muscovite is exhausted: 
The abundance of albite in the fresh and altered mineral assemblage, and the high concentration of Na + in the aqueous solution means that this equilibrium has sufficient capacity to maintain pH until ''dry up". In silica-undersaturated hosts, the signature of equilibrium fluids under low w/r conditions is a quartz-free alteration assemblage, with key minerals being alkali feldspars, muscovite, epidote group, carbonates, zeolites (e.g. analcime). Quartz-poor alteration assemblages produced in these models are consistent with the observation that alkali-hosted Au deposits have less hydrothermal quartz and widespread silicification than calcalkaline hosted systems Barton, 2000, 2008) .
When quartz is absent from the assemblage, pH is no longer maintained at the propylitic buffer and hydrothermal fluids at low water/rock ratios develop pH values significantly higher than equivalent fluids in silica-saturated hosts (Fig. 4) . Although low w/r values suggest that the aqueous phase is much smaller than the rock in terms of mass, many parts of hydrothermal systems and hydrothermal ore deposits are or were low w/r phenomena. Propylitic alteration -the signature of low w/r in silica-saturated lithologies -is volumetrically significant in epithermal and porphyry-Cu (Mo-Au) deposits. Although subordinate to the rock phase in terms of mass, there is still ample ''working fluid" in these parts of the system to alter rocks and transport various elements.
Acidic alteration and initial fluid conditions
Reviews of hydrothermal systems in alkaline rocks (Jensen and Barton, 2000; Sillitoe, 2002) have highlighted the paucity of acidic (advanced argillic) alteration and high sulphidation/acid-sulphate type ore bodies. The models we present do not suggest that fresh alkaline rocks have a greater capacity to neutralise acidity: all modelled systems are sufficiently acidic (pH < 3) under fluid dominant conditions (log w/r < À1) to generate advanced argillic mineral assemblages of quartz + alunite ± pyrophyllite (Fig. 3 and  Fig. 5c ). Silica-undersaturated compositions reach a higher maximum fluid pH, but the initial acidity of the fluid is neutralised by a similar mass of rock irrespective of composition. Thus, if the fluids in a hydrothermal system are acidic, then advanced argillic alteration will be produced even if the hosts are alkaline. Kelley and Spry (2016) commented that although less common and less intensely developed than in sub-alkaline hosted epithermal deposits, acidic alteration is not entirely absent from alkaline-hosted systems. The limited development of intense acidic alteration in alkaline-associated systems may instead be related to the initial magmatic volatile phase; fluids exsolved from a sub-alkaline melt will include a larger HCl component, whereas in fluids from alkaline magmas Cl will be coordinated to alkali and alkali earth metals (Webster et al., 2014) and preferentially retained in aqueous liquids (brines) or as salt melts, rather than partition into a vapour phase. Liquids and brines exsolving from alkaline magmas would be buffered to neutral to alkaline pH by the magma composition (Jensen and Barton, 2000) . The lack of acid alteration and acid fluid-related ''high sulphidation" ore bodies in alkaline rocks is likely a result of a lower contribution of HCl into the hydrothermal fluid, and consequently higher initial fluid pH and a predominance of rock-buffered fluid compositions. In Fig. 5 , the initial fluid would be in equilibrium with a large volume of rock or melt (assuming magmatic H 2 O < 10 wt%, equivalent to log w/r À0.95), and hence the system would start on the right hand side of the axis and progress left in zones of focussed fluid flux.
Alkaline rocks and ore deposits
High pH hydrothermal fluids are capable of transporting higher concentrations of Au (Usher et al., 2009) and Te (McPhail, 1995) than near-neutral equivalents. Grundler et al. (2013) produced experimental results for aqueous solutions (0-1 m NaCl) at 200°C that showed TeO 2 solubility to be at least one order of magnitude greater at pH 8 than pH 5. Models of Te and Au speciation and solubility (Grundler et al., 2013) show that under mildly reducing conditions (log fO 2 = À30 to À35; close to the magnetite-hematite redox buffer) at 300°C, maximum gold solubility is at pH 6 to 8.5 (i.e. neutral to alkaline) as Au(HS) 2 À , coincident with moderate Te solubility (100 ppb in an aqueous system with 1 molal Cl À , 10 ppm Te, 1 ppm Au, and 0.1 molal S). Thus, fluids at pH values above neutrality, possible in alkaline host rocks (Fig. 3) , would be more effective at transporting Au and Te than near-neutral fluids expected in calc-alkaline, silica saturated systems.
Focussing of fluids into specific channels or pathways through the host rocks -i.e. faults and fractures -produces a zone of higher flux, and thus higher w/r values. Accordingly, the system shifts from right to left on Fig. 2 and Fig. 5 in zones of focussed fluid flow. This is a potential mechanism for lowering pH and saturating fluids in components that are in solution at the lower w/r and higher pH conditions, including quartz, gold and tellurium. We suggest that focussed fluid fluxes into smaller volumes of host rock in alkaline systems can produce quartz-bearing Au-Te veins. We regard this mechanism of gold precipitation as complimentary to other described triggers, e.g. boiling and cooling (Cooke and Simmons, 2000; and references therein) . The association of quartz-bearing alteration (in an otherwise quartz-poor deposit; Jensen and Barton, 2000) with high Au-Te grades is consistent with descriptions of Cripple Creek (Kelley et al., 1998) . At the syenite-hosted, intrusion related Dongping Au-Te-Bi deposit, Gao et al. (2017) modelled initially high pH of fluids (>7 at 325°C) responsible for widespread potassic alteration followed by a main stage of mineralisation at pH $ 5.9 in silicified zones/veins. Fluid flow through more silica-rich (silica-saturated) host rocks may also cause reequilibration of fluids to lower pH; high grades at Cripple Creek occur in veins at the interface between the alkaline rocks of the diatreme and the older granites and gneisses of the country rocks into which the diatreme was emplaced (Kelley et al., 1998) .
High pH in hydrothermal fluids
The model results in this study demonstrate that silicaundersaturated host rocks can buffer hydrothermal fluids to higher pH. High pH fluids are infrequently recognised in shallow magmatic-hydrothermal and geothermal systems, largely due to the abundance of silica and silica-saturated lithologies in the crust. A notable exception is the presence of highly basic (pH > 12) fluids in ultramafic host rocks (Neal and Stanger, 1984) . However, ultramafic lithologies are not typical hosts for epithermal Au-Ag deposits. In the calc-alkaline, silica-saturated rocks that more commonly host epithermal mineralisation, high pH fluids are rare due to the pH buffering reactions that involve quartz. A common mechanism that can increase pH above the ''propylitic pH" is dilution (Reed, 1997) .
The role of dilution in the formation of ore deposits is unclearwhilst the mechanism can increase fluid pH and thus Au and Te solubility, the dilution will lower the concentration of those elements already in solution. In addition, as a diluent travels through a hydrothermal system, it will become less effective as a diluent: the greater the distance that a potential diluent travels, the greater the extent of reaction it will have with the host rocks. The diluent will equilibrate with the host rocks at a progressively decreasing w/r, and an increasing temperature, then they will become increasingly similar in composition to the low w/r hydrothermal fluids, and be unable to act as a diluent. Smith et al. (2010 Smith et al. ( , 2011 showed that high pH ($8 at 100°C) hot springs at Savo, Solomon Islands (Table 3) were a consequence of the addition of a diluent (cold meteoric-derived water) to a rockbuffered hydrothermal fluid. The hydrothermal system at Savo is hosted in silica-saturated, mildly alkaline (sodic) intermediate igneous rocks (Smith et al., 2009) ; the model results in this study show that a rock-buffered fluid would not have high pH in the absence of dilution. The chemistry of the springs show criteria of fluid mixing, disequilibrium and dilution; notably in high Mg 2+ , low Cl À , and anhydrite saturation (Smith et al., 2010) . The active hydrothermal system of the Ambitle caldera (Feni Islands group, Bismarck Archipelago, Papua New Guinea) is hosted in silica-undersaturated tephrites, phonolites and trachytes (Wallace et al., 1983) . The subaerial Waramung hot springs in the Ambitle caldera discharge fluids at pH 8-9 at $100°C (Wallace et al., 1983; Pichler et al., 1999; Meyer-Dombard and Amend, 2014) . In contrast to the alkaline springs of Savo, the Waramung springs (Table 3 ) lack the diagnostic markers of dilution (low Cl À , higher Mg 2+ than expected at equilibrium). Thus, it is possible to discriminate the origin of high pH fluids in active hydrothermal systems into diluted or rock-buffered types. The springs at Waramung represent lower temperature discharges of the high pH fluids modelled in this study, and are a natural analogue to the modelled compositions presented herein.
Conclusions
Epithermal Au mineralisation is typically hosted in sub-alkaline, calc-alkaline lithologies. In these host rocks, fluids may range from highly acidic to near-neutral. Mineral buffering limits the maximum pH to near-neutrality however; alkaline pH requires more specialised scenarios. One environment in which fluid pH may be basic at high temperature is when the host lithology is silicaundersaturated and alkaline. In these compositions, mineral buffers dependent on the presence of quartz are exhausted, allowing for much higher pH.
Silica-undersaturated, alkaline lithologies have been identified as hosts to distinctive epithermal deposits. Alkaline-associated deposits include some of the largest known within the epithermal classification. They have also been recognised for their association with anomalous Te enrichments, relatively silica-poor alteration and magmatic contributions but limited high sulphidation-style alteration and mineralisation. Silica-poor alteration and tellurium Pichler et al. (1999) enrichment are consistent with water-rock reaction with silicaundersaturated host rocks; however, the paucity of alteration and mineralisation related to highly acidic fluids point towards a distinct primary magmatic fluid (volatile) phase, potentially with a greater preponderance of NaCl over HCl.
